The possibility of driving phase transitions in low-density condensates through the loss of phase coherence alone has far-reaching implications for the study of quantum phases of matter. This has inspired the development of tools to control and explore the collective properties of condensate phases via phase fluctuations. Electrically-gated oxide interfaces [1, 2] , ultracold Fermi atoms [3, 4] , and cuprate superconductors [5, 6] , which are characterized by an intrinsically small phase-stiffness, are paradigmatic examples where these tools are having a dramatic impact. Here we use light pulses shorter than the internal thermalization time to drive and probe the phase fragility of the Bi 2 Sr 2 CaCu 2 O 8+δ cuprate superconductor, completely melting the superconducting condensate without affecting the pairing strength. The resulting ultrafast dynamics of phase fluctuations and charge excitations are captured and disentangled by time-resolved photoemission spectroscopy. This work demonstrates the dominant role of phase coherence in the superconductor-to-normal state phase transition and offers a benchmark for non-equilibrium spectroscopic investigations of the cuprate phase diagram.
The possibility of driving phase transitions in low-density condensates through the loss of phase coherence alone has far-reaching implications for the study of quantum phases of matter. This has inspired the development of tools to control and explore the collective properties of condensate phases via phase fluctuations. Electrically-gated oxide interfaces [1, 2] , ultracold Fermi atoms [3, 4] , and cuprate superconductors [5, 6] , which are characterized by an intrinsically small phase-stiffness, are paradigmatic examples where these tools are having a dramatic impact. Here we use light pulses shorter than the internal thermalization time to drive and probe the phase fragility of the The value of the critical temperature (T c ) in a superconducting material is controlled by the interplay of two distinct phenomena: the formation of electron pairs and the onset of macroscopic phase coherence. While the pairing energy (E p ) is generally controlled by the bosonic modes that mediate the electronic interactions [7, 8] , the macroscopic phase Θ depends on the stability of the condensate against fluctuations and inhomogeneities. The energy scale relevant for phase fluctuations can be expressed via the Ginzburg-Landau theory as Ω Θ =[ 2 n S (0)a]/2m * , where m * is the effective mass of the pairs, a is a characteristic length and n S (0) is the zero-temperature superfluid density. In conventional superconductors E p Ω Θ and therefore T c is determined solely by thermal charge excitations across the superconducting gap, which act to reduce the number of states available for the formation of the superconducting condensate.
In cuprate superconductors, the scenario is much more complex since the small superfluid density pushes Ω Θ down to a value that is very close to the pairing energy [5] : the low density of the quasi-2D condensate within the Cu-O planes depresses Ω Θ as low as ≈ 15 meV in bismuth-based copper oxides [5, 9] . Several equilibrium measurements on underdoped cuprate superconductors have reported a non-zero pairing gap up to T ≈ 1.5 × T c [10, 11] even in the absence of macroscopic phase coherence. Upon heating for example, highresolution angle-resolved photoemission (ARPES) experiments have shown pair-breaking scattering phenomena to emerge sharply at T c while the pairing gap is still open, suggesting a direct connection between pair-breaking and the onset of the phase fluctuations [12, 13] .
In the same temperature range, non-equilibrium optical and THz experiments have given evidence for picosecond dynamics dominated by phase fluctuations above T c [6, 14, 15] .
The present work is motivated by the idea that a light pulse shorter than the internal thermalization time may be used to manipulate the density of phase fluctuations in a [16, 17] . Time-and angle-resolved photoemission spectroscopy (TR-ARPES) is used to evaluate the electronic spectral function which encodes information regarding the pair-breaking dynamics. We demonstrate that the pair-breaking scattering rate Γ p , which is experimentally [12, 13] and microscopically [18] [19] [20] associated with the scattering of phase fluctuations, is indeed decoupled from the dynamics of the pairing gap and across-gap charge excitations. At and above the critical fluence F C ≈ 15 µJ/cm 2 [21] [22] [23] , the increase of Γ p is such that superconductivity is suppressed. Quantitatively, we observe that the non-thermal melting of the condensate [21] [22] [23] [24] [25] [26] is achieved when Γ p ≈ Ω Θ .
TR-ARPES provides direct snapshots of the one-electron removal spectral function A(k, ω) [27] and its temporal evolution [28, 29] due to the perturbation by an ultrashort pump pulse. The spectral function A(k, ω) depends on both the electron self-energy Σ(ω)=Σ (ω)+iΣ (ω) and the bare energy dispersion k :
For a superconductor, Σ(ω) at the Fermi momentum k = k F can be approximated well by
where ∆ is the superconducting gap amplitude, Γ s the single-particle scattering rate and Γ p the pair-breaking scattering rate, as proposed in Ref. [18] . When the condensate is fully coherent, i.e. for T T c at equilibrium, the pair-breaking scattering rate Γ p is expected to vanish. This term may be interpreted as relating to the finite-lifetime of a Cooper pair as a result of scattering from phase fluctuations [18] [19] [20] .
To begin, we focus on the temporal evolution of the near-nodal superconducting gap.
In Fig. 1a we display a section of the Bi2212 Fermi surface (left panel) and the differential iso-energy contour map (right panel). The latter is obtained by subtracting the equilibrium iso-energy contour at 10 meV (above the Fermi energy, E F ) from its counterpart obtained at 0.5 ps pump-probe delay. This differential shows a clear in-gap signal that has been previously related to the quasiparticle (QP) recombination dynamics and the pairing gap closure [21-23, 30, 31] . To then study the pairing gap dynamics, it is common to fit symmetrized energy distribution curves (SEDCs) at k = k F [18, 21, 32] . Although the emergence of a single peak in the SEDCs at large enough excitation fluences in TR-ARPES has been interpreted as a signature of the pump-induced gap closure [21, 23] , the comprehensive analysis of our data presented in the following provides clear evidence that a single peak in the SEDCs is instead related to the filling of an almost unperturbed pairing gap [12, 13, 33] . This provides consistency between transient and equilibrium studies, offering a coherent picture of the electronic structure and its related dynamics.
Before proceeding to the detailed modeling and quantitative analysis of the data, we address the microscopic origins of the evolution of the transient spectral function. We emphasize those photoinduced modifications to the spectral function which are immediately apparent, even at the level of visual inspection. In Fig. 1b we present the temporal evolution of the low-fluence EDC at k = k F along the off-nodal direction (ϕ=36 o ), normalized to the momentum-integrated nodal EDC (both deconvoluted from the energy resolution broadening prior the division, see section II of the Supplementary Information). Without invoking controversial symmetrization, this procedure allows us to explore the spectral function and its dynamics both below and above the superconducting gap. The resulting curves in Fig. 1b provide direct evidence for the particle-hole symmetry of the quasiparticle states across the superconducting gap in the near-nodal region, i.e. where pseudogap contributions are negligible [34] [35] [36] . Most importantly, the data in Fig. 1b reveal that the gap size (peak-topeak distance) remains almost constant over the entire domain of time-delays measured.
In contrast to this, we observe a transient decrease and broadening of the QP peak on either side of the gap, leading to a filling of spectral weight inside the superconducting gap (analogous conclusions are reached by a complementary analysis of the tomographic density of states [13] , as shown in section III of the Supplementary Information).
For a more quantitative analysis, we can model the TR-ARPES data in terms of Eqs. 1 and 2. In principle the in-gap broadening of the spectral function could be caused by both Γ terms in Eq. 2, and so we have developed a global analysis of the EDCs and MDCs (momentumdistribution curves), which stabilizes the fitting procedure and achieves consistency across our results for all delays and excitation fluences (Supplementary Information Section IV).
In Fig. 1c we show the result of this global fitting at negative delays. The best simultaneous fit to EDC and MDC returns Γ s =11.0±0.5 meV and Γ p ≈0 meV, which are consistent with the equilibrium values extracted from conventional ARPES [12] . At positive delays (see the spectra at τ =0.6 ps in Fig. 1d as a typical example), the filling of spectral weight inside the gap modifies the spectral lineshape such that even a qualitative fit requires the introduction of a non-zero Γ p . Quantitatively, the sensitivity of the MDC lineshape to small variations of Γ s allows us to retrieve the values of the scattering rates at each time delay. This can be extended even as far as those excitations sufficiently large to induce the complete filling of the gap in spectral weight at E F .
We now move to the analysis of the temporal dynamics of Γ p . For the sake of simplicityand having experimentally verified particle-hole symmetry across the gap in the momentum
range of interest -we analyze the SEDCs, which are not influenced by the effects of thermal broadening [32] or the low signal to noise ratio for states above E F , as in Fig. 1 . In Fig. 2a we present the temporal evolution of the SEDCs along the off-nodal cut (ϕ=36 o ) at two different excitation fluences, F<F C and F>F C , where F C is the critical fluence for which the SEDCs exhibit a single envelope centered at the E F [22, 23, 37] . For both fluences employed, the global fit approach described above provides an accurate and reliable determination of the temporal evolution of Γ s as well as ∆ and Γ p (Fig. 2b-c) . While the gap amplitude (∆)
does not show a significant reduction for any excitation fluence, the leading term that drives the dynamics, and eventually the complete filling of spectral weight inside the gap, is the enhancement of Γ p as triggered by the pump excitation.
As an interesting consequence, we note that the dynamics of the QP spectral weight (circles in Fig. 2d ) can be mapped onto the phenomenological function C(τ ) = 1 2
(dashed lines in Fig. 2d ), which resembles the momentum-averaged two-particle scattering coherence factor [38, 39] . This empirical relationship between the single-particle ARPES spectral weight and a two-particle correlator suggests an intriguing scenario in which the QP peak amplitude is intertwined with the condensate density. Such a relationship, already suggested by previous ARPES studies [37, 40, 41] , calls for future experimental and theoretical investigations.
The viability of measuring the evolution of Γ p in the time-domain provides essential information regarding the intrinsic dynamics of condensate formation in the cuprates. ps. This value is of the same order of magnitude as the phase-correlation time extracted from high-frequency conductivity and related to the motion of topological defects [6] .
Microscopically, the transient increase of phase fluctuations can be rationalized as a cascade process triggered by the optical pump, which initially breaks the electronic pairs and promotes hot QPs to energies well above E F . During their decay, the non-thermal QP population can either couple directly to phase excitations or scatter off high-energy bosonic excitations on a time scale of tens (spin fluctuations) to hundreds (optical phonons) of femtoseconds [42] [43] [44] . The subsequent absorption of these bosons can subsequently break additional Cooper pairs. Furthermore, any pair recombination process must emit a gapenergy boson in order to satisfy energy conservation, as described by the Rothwarf-Taylor equations [26] . As a result, after a few hundreds of femtoseconds the initial excitation is converted into a non-thermal bosonic population. We speculate that such highly energetic bosons, coupled to the fermionic bath, can interact even indirectly with the macroscopic condensate. These bosons can be considered as a possible source of the excess phase fluctuations which give a finite lifetime to the Cooper pairs. This picture is corroborated by the observation of a maximum change in Γ p (Fig. 3a) approximately 500 fs after the pump excitation. Such a value is compatible with the build-up time observed via time-resolved optical spectroscopy and has been justified as the time necessary for the growth of the non-thermal gap-energy bosonic population [26] .
Together, these observations imply that the pair breaking processes related to the loss of coherence of the condensate can be decoupled from the charge excitations on the picosecond [18, 48] , the limited region of momentum space explored in this current work precludes any discussion of the pseudogap state.
These results challenge the current understanding of the superconducting phase transition in cuprates. The TR-ARPES data presented here constitutes direct evidence that the phase coherence controls the condensate formation in underdoped high-T c superconductors, while the temperature-driven occupation of states plays a secondary role [5] . Indeed, our results demonstrate that the recovery of phase coherence is the primary and fastest mechanism by which we restore superconductivity (see Fig. 3b ). In addition, the ability to melt the condensate without altering the gap size or increasing the electronic temperature substantively (Fig. 3c) suggests spectroscopic explorations of the hierarchy of pairing and phase coherence throughout the cuprate phase diagram, and in the vicinity of the putative quantum critical points [49] . Further investigation and the development of selective excitation schemes will be essential to test possible interpretations of the dynamical response of the phase coherence in high-T c superconductors. In particular, a detailed study of the frequency dependence of Γ p may elucidate the microscopic mechanism responsible for the enhancement of phase fragility reported here. Furthermore, by extending these techniques to other members of the cuprate family, the relative role of dimensionality and interlayer coupling in the transient quenching of the superconducting condensate may be established [5, 50] . The mechanism by which fermions interact with phase modes and how gap-energy bosons interact with the pair condensate toward the ultimate result of a plasma of incoherent excitations, still remains as an open and intriguing issue.
METHODS
Experimental set-up.
Our TR-ARPES system is based on a Ti:Sapphire laser (VitesseDuo + RegA 9000 by Single crystal Bi 2 Sr 2 CaCu 2 O 8+δ (Bi2212) samples have been grown using the floating zone method and hole-doped by oxygen annealing (T c 82 K). Bi2212 samples have been characterized by scanning tunneling microscopy measurements [16] , and the gap amplitude extracted from the global fitting procedure agrees well with that reported elsewhere [17] . (red spheres and dashed lines), and has an onset higher than T c itself, superconductivity and the macroscopic T c are determined by the onset of phase coherence at T Θ ≈ Ω Θ /k B (green spheres and dashed lines).
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I. EQUILIBRIUM DATA ANALYSIS
As an experimental technique, angle-resolved photoemission spectroscopy (ARPES) offers an explicit connection to many-body theory via the association between photoemission intensity and the one-electron removal spectral function. From Fermi's Golden Rule, the ARPES intensity may be expressed as [27] 
where A(k, ω) is the one-electron removal spectral function, f (ω) the electronic distribution (represented by the Fermi-Dirac distribution in equilibrium), R(ω) represents convolution with an experimental Gaussian resolution function, and |M | 2 the dipole matrix-element. As |M | 2 is largely dependent on light polarization and orbital character of the electronic states probed, it should be constant throughout our study and is neglected in the following. This In order to do so, we note that Fermi statistics restrict static photoemission experiments to consideration of those states within O(k B T ) of E F and below. However, in cases where the spectral function is particle-hole symmetric at the Fermi-momentum k = k F [34] , the ARPES spectra I(k, ω) can be symmetrized about E = E F to overcome this limitation. The resulting symmetrized energy distribution curves (SEDCs) are then independent of f (ω) [32] .
Combined then with our assumption of constant matrix elements, SEDC(ω) ∝ A(k F , ω) * R(ω). With this interpretation of the ARPES intensity in mind, we present here static ARPES data, and SEDCs at k F to establish the equilibrium system under consideration. Eqs. 1-2 of the main text. The extracted fit parameters are presented in Table I . In agreement with Kondo et al. [12] , Γ p =0 at T T C while Γ s is finite and nearly momentum-independent in the near-nodal region. The result is further validated by the agreement between the gap parameters extracted from this fitting and those reported elsewhere [17] .
II. DIRECT ACCESS TO THE TRANSIENT SPECTRAL FUNCTION
Characterization of the transient spectral function both below and above E F is complicated by the suppression of photoemission intensity above E F due to the nature of the electronic distribution f (ω). We seek then to establish a method by which to address the spectral function above E F directly, minimizing the number of assumptions made in this process. This may be achieved by establishing an experimental measure of f (ω) which we can then divide from the experimental intensity so as to access and amplify the intensity above E F . By integrating intensity along the nodal direction, the resulting momentum-integrated EDC I node (k, ω)dk can be used to this purpose as it resembles the electronic distribution Following deconvolution, the ratio of the off-nodal EDC and momentum-integrated nodal EDC is proportional to the off-nodal spectral function
This same approach is behind the implementation of the tomographic density of states method [13] , as discussed in section III. The resulting curves demonstrate the particle-hole symmetry of the superconducting spectral function in the near-nodal region, in agreement with other ARPES studies [34, 35] , and act to validate the symmetrization technique applied to equilibrium and out-of-equilibrium ARPES. Blue dashed lines in 
III. TRANSIENT TOMOGRAPHIC DENSITY OF STATES
In addition to the analysis of EDCs presented in the main text, the transient tomographic density of states (TDOS) provides a complementary proof of the gap filling. The TDOS is obtained as the ratio between the off-nodal and nodal EDCs integrated along a momentum cut perpendicular to the Fermi surface. As the primary difference between these EDCs is associated with the superconducting gap, this method allows for us to isolate consideration of the gap from other spectral features present in the EDCs. This confirms the most significant effect of the pump excitation to be a filling of the superconducting gap [13] . The TDOS is defined as:
In [35], as explained in section II. To illustrate the influence of gap closing and filling on the TDOS, we have simulated TDOS curves for a Dynes function [13] Dynes(ω) = Re ω − iΓ
for the case where ∆ → 0 meV as for a gap closure and Γ > 5 meV for a gap filling. The result is plotted in Fig. S4c-d . We note here that the single Γ term in the Dynes function subsumes the Γ s,p terms from Eq. 2 of the main text [12] . Our experimental observations ( Fig. S4a-b ) are in agreement with the gap filling picture (Fig. S4d) , for both high and low fluences.
IV. SEDC-MDC GLOBAL FIT
As discussed in the main text, both Γ s and Γ p terms in Eq. 2 can act to broaden the in-gap spectral function. However, the effects of the two on the lineshape are indeed distinguishable.
By addressing momentum-distribution curves (MDCs) rather than EDCs, we observe that the MDC width is primarily influenced by the Γ s term, and shown in Fig. S5 to be fairly While the imaginary part of the electron self-energy is closely related to the MDC width Σ MDC [27] , the latter is in general larger than Γ s as a result of energy and angular resolutions, as well as additional frequency dependent contributions to the scattering terms not accounted for in Eq. 2 for simplicity. To estimate the extent of this additional broadening to the MDC width, we can compare the equilibrium (τ < 0) Σ MDC with the Γ s as extracted from the SEDCs (section I). We assume here that the overall broadening of the MDCs will be unaffected by the pump excitation (see Fig. 1c-d) . Ultimately, we find good agreement between the temporal dynamics of Γ s as extracted from nodal SEDCs (black line in Fig. S5b) with the MDC widths (red squares in Fig. S5b ). This confirms the SEDC fits to Γ s as well as placing firm upper limits on contributions to the self energy beyond Eq. 2.
V. TRANSIENT ELECTRONIC TEMPERATURE
As the pump excitation will modify the electronic temperature, it is essential that we establish the pair-breaking scattering phenomena to originate from physics more substantive than a pure thermal effect brought on by the pump light. To do so, we extract an approx- 
Evidently, both Γ s and T el. will influence the nodal EDC lineshape. However, as with the Γ s,p terms in the MDC fits of the previous section, the influence of T el. and Γ s can be disentangled here. This is illustrated in Fig. S6a , where we show simulated nodal EDCs using Eq. S5 by changing Γ s and T el. parameters. Evidently, if the temporal evolution of Γ s (see Fig. S5b ) was not included in the electronic temperature extraction procedure, T el.
would be overestimated. In Fig. S6b we show the extracted temporal evolution of T el. for both the employed fluences. While for F>F C fluence the maximum electronic temperature is T max el.
>T C , for F<F C T max el.
≈ T C /2. This provides additional evidence that the transient Γ p is not a simple thermal effect [12] but has a deeper physical meaning. In addition, static ARPES experiments [12, 13] (Fig. 2c) .
